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Abstract 
 
The Pennsylvania Department of Transportation (PennDOT) has proposed to design and 
construct a high performance steel demonstration bridge using HPS-485W (HPS-70W) 
steel in combination with I-shaped girders with corrugated webs. To assist PennDOT, a 
coordinated program of design and fabrication studies, and applied laboratory research 
(testing and analysis) has been conducted to develop details and design criteria for the 
bridge. This project, titled the “Pennsylvania High Performance Steel Bridge 
Demonstration Project”, is being conducted by the following team: (1) the ATLSS Center 
at Lehigh University, (2) Modjeski and Masters, Inc., (3) High Steel Structures, Inc., and 
(4) Drexel University. The program consists of the following Work Areas: (1) corrugated 
web girder corrugation shape and strength criteria; (2) corrugated web girder fabrication; 
(3) fatigue resistance of corrugated web girders; (4) corrugated web girder field splices; and 
(5) precast deck and diaphragms with flange rotational restraint braces. 
 
This report addresses Work Area 4.  During the course of the project, questions about the 
design of bearing stiffeners for corrugated web girders were raised, and a study of bearing 
stiffeners was undertaken within Work Area 4.  Therefore the scope of Work Area 4 covers 
corrugated web girder bearing stiffeners and field splices.  The report summarizes an 
investigation of the behavior of bearing stiffeners for corrugated web I-girders, and 
summarizes an investigation of the behavior of bolted flange and web splices for 
corrugated web I-girders. The results given in the report are summarized as follows: (1) a 
comparison of the calculated strength of bearing stiffeners for conventional flat web I-
girders and corrugated web I-girders, (2) results of tests to determine the axial resistance 
of bearing stiffeners of corrugated web girders and a comparison of the test results with 
the calculated results, (3) flange and web splice designs for a corrugated web girder test 
specimen, and (4) results of tests on these flange and web splices and comparisons with 
the expected splice behavior.  
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1. Introduction 
 
The Pennsylvania Department of Transportation (PennDOT) has proposed to design and 
construct a HPS demonstration bridge using HPS-485W (HPS-70W) steel in combination 
with innovative bridge design concepts. The site of the bridge is to be determined.  The 
demonstration bridge will be a multiple steel I-girder bridge.  The girders will be fabricated 
with corrugated webs, and may be braced with cross-frames that include compression 
flange rotational restraint braces. Precast high-performance concrete panels may be used to 
construct the deck without extensive use of field-placed concrete. To assist PennDOT with 
the development of the demonstration bridge, a coordinated program of design and 
fabrication studies, and applied laboratory research (testing and analysis) has been 
conducted to develop details and design criteria for the bridge. This project, titled the 
“Pennsylvania High Performance Steel (HPS) Bridge Demonstration Project”, is being 
conducted by a team composed of the following participants: (1) the ATLSS Center at 
Lehigh University, (2) Modjeski and Masters, Inc., (3) High Steel Structures, Inc., and (4) 
Drexel University.  
 
The coordinated program of design and fabrication studies, and applied laboratory 
research (testing and analysis) consists of the following work areas: (1) corrugated web 
girder corrugation shape and strength criteria; (2) corrugated web girder fabrication; (3) 
fatigue resistance of corrugated web girders; (4) corrugated web girder field splices; (5) 
precast deck and diaphragms with flange rotational restraint braces.  This report addresses 
only Work Area 4.  During the course of the project, questions about the design of bearing 
stiffeners for corrugated web girders were raised, and a study of bearing stiffeners was 
undertaken within Work Area 4.  Therefore the scope of Work Area 4 covers corrugated 
web girder bearing stiffeners and field splices.   
 
The objectives of this report are:  (1) to summarize an investigation of the behavior of 
bearing stiffeners for corrugated web I-girders, and (2) to summarize an investigation of 
the behavior of bolted flange and web splices. To accomplish these objectives, the 
following tasks were completed.  A comparison of the calculated (axial) resistance of 
bearing stiffeners for conventional flat web I-girders and corrugated web I-girders was 
made. Tests to determine the axial resistance of bearing stiffeners for corrugated web 
girders were conducted and the test results were compared with the calculated results.  
Standard design criteria for bolted flange and web splices were used to design splices for 
a corrugated web I-girder. Tests of these flange and web splices were conducted to 
evaluate the applicability of the standard design criteria.  
 
The test specimens used in the experiments were fabricated from damaged test specimens 
from Work Area 1 (Sause et al. 2003a) and Work Area 3 (Sause et al. 2003b).  The 
bearing stiffeners test specimens were fabricated from Girder G2A, one of the fatigue test 
specimens used in Work Area 3.  The fatigue tests of Work Area 3 were conducted on a 
total of six geometrically identical girder specimens (Girders G1A through G6A). These 
specimens, fabricated from ASTM A709 HPS-485W (ASTM 2001a), were 7.4m long, 
with a span length of 7m (Figure 1). The full-scale corrugated web geometry was 
trapezoidal in shape as shown in Figure 1. The flanges were 225mm wide and 20mm 
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thick. The web was 1.2m deep and 6mm thick.  The web-flange fillet welds (8mm in 
size) were made using a semiautomatic gas metal arc welding (GMAW) process. 
Stiffeners, 20mm thick, were provided at the reaction and load points.   The full depth 
bearing stiffeners at the reaction points (see Figure 1) were used for the bearing stiffener 
experiments. 
 
The bolted splice test specimens were fabricated from Girder G7A and Girder G8A, the 
two shear test specimens used in Work Area 1.  The shear strength tests of Work Area 1 
were conducted on two geometrically identical girder specimens (girders G7A and G8A). 
The I-girder specimens, fabricated from a A709 HPS-485W (ASTM 2001a), were 11.6m 
long, with a span length of 11m (Figure 2). The corrugated web geometry (Figure 2) was 
the same as that of the fatigue test specimens (Figure 1). The flanges were 450mm wide 
and 20mm thick. The web was 1.5m deep and 6mm thick.  The web-flange fillet welds 
(8mm in size) were made using a semiautomatic gas metal arc welding (GMAW) 
process. Pairs of T-stiffeners were provided at the reaction and load points.  
 
The report is organized as follows. Section 2 focuses on bearing stiffeners for corrugated 
web I-girders. The study of the calculated strength of bearing stiffeners is presented.  
Then the experimental investigation of the strength of bearing stiffeners is summarized 
and the experimental results are compared with the calculated results.  Section 3 focuses 
on flange and web splices for corrugated web I-girders. The design of the splices is 
presented, and the experimental investigation is summarized.  Section 4 summarizes 
Work Area 4 and provides conclusions. 
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Figure 1. Typical fatigue test specimen (dimensions in mm). 
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Figure 2. Typical shear test specimen (dimensions in mm). 
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2. Bearing Stiffeners for Corrugated Web I-Girders 
 
2.1. Introduction 
 
Bridge girders have bearing stiffeners at the locations of reactions and other concentrated 
loads. A bearing stiffener consists of two stiffener plates, with one plate attached to each 
side of the web. Each stiffener plate is attached to the loaded flange by a full penetration 
groove weld or is milled to fit against this flange. The design requirements for bearing 
stiffeners for conventional flat web I-girders are outlined in the AASHTO LRFD bridge 
design specifications (AASHTO 1998). The AASHTO LRFD specifications, however, do 
not outline the design requirements for bearing stiffeners for corrugated web I-girders. 
 
The bearing stiffeners of Girder G2A, used in the present study, were designed in 
accordance with the AASHTO LRFD specifications where applicable. In particular, the 
AASHTO LRFD specifications require bearing stiffeners to be designed for bearing 
resistance and axial resistance.  The bearing resistance is calculated at the cross-section 
where the stiffener plates are attached to the flange loaded by the concentrated load.  This 
calculation for a corrugated web I-girder is essentially identical to that of a conventional 
flat web I-girder; the yield capacity of the critical cross-section is calculated. The 
calculation of the axial resistance of a corrugated web I-girder bearing stiffener is, 
however, quite different, owing to the geometry of the corrugated web.  Sause et al. 
(2003a, 2003b) recommend that bearing stiffeners be located at the center of an inclined 
fold.  At this location, the parameters that influence the axial resistance are quite different 
than those of a conventional flat web I-girder. Therefore, this section of the report 
concentrates on the axial resistance of corrugated web I-girder bearing stiffeners. 
  
 
2.2. Axial Resistance Calculations 
 
In calculating the axial resistance of bearing stiffeners according to the AASHTO LRFD 
specifications (AASHTO 1998), bearing stiffeners are analyzed as compression elements 
subject to the bearing force that develops due to the factored loads. The axial resistance 
of the bearing stiffener develops from a portion of the web acting in combination with the 
bearing stiffener plates. For a conventional flat web I-girder, the length of the web that 
contributes to resisting the axial force is assumed to be 9tw, on each side of the stiffener, 
where tw is the thickness of the web plate (AASHTO 1998). Therefore, the effective 
column section of a bearing stiffener for a conventional flat web I-girder consists of the 
two stiffener plates, plus γtw (where γ = 18) of the web.  
 
Similarly, bearing stiffeners for corrugated web I-girders are also analyzed as 
compression elements subject to an axial force equal to the bearing force due to the 
factored loads. For a trapezoidal corrugated girder (for example, Girder G2A) with the 
bearing stiffener centered on the inclined fold of the corrugation (Figures 3 and 4), the 
effective column section is unknown. Two different assumptions regarding the length of 
web that contributes to the effective column section were made in the present 
investigation. Assumption 1 is that the total length of the web contribution (γtw) does not 
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exceed the flat portion of the inclined fold (170 mm) on which the stiffener is centered 
(Figures 4 and 5). Assumption 2 will be discussed later. 
 
Applying Assumption 1 to the bearing stiffeners of Girder G2A, the largest possible 
whole number value of γ, γmax, is 28, and the maximum length of the web contribution is 
168 mm. The nominal axial capacity based on Assumption 1 was calculated two different 
ways: (1) using the column formula given in the AASHTO LRFD specifications, and (2) 
using the axial plastic capacity based on the gross section area of the stiffener plates and 
contributing web.   
 
Use of the column formula from the AASHTO LRFD specifications assumes that the 
stiffener slenderness requirement is satisfied and an axial compression failure governs the 
capacity. The slenderness requirement in the AASHTO LRFD specifications is: 
  
ysp
t
F
Ek
t
b ⋅≤          (1) 
where: 
bt is the width of the stiffener plate, 
tp is the thickness of the stiffener plate, 
Fys is the specified minimum yield strength of the stiffener plate, 
k is the plate buckling coefficient (AASHTO 1998), which is given in Table 1. 
 
If Equation 1 is satisfied, the nominal axial resistance from the column formula , PnAC, is: 
 
AF.P ynAC ⋅⋅= λ660   if λ ≤ 2.25     (2a) 
λ
AF.
P ynAC
⋅⋅= 880    if λ > 2.25     (2b) 
 
for which the slenderness parameter, λ, is: 
 
E
F
r
KL y
2



⋅= πλ         (3) 
where: 
Fy is the specified minimum yield strength of the effective column section, 
A is the area of the effective column section, 
E is the modulus of elasticity, 
L is the unbraced length of the effective column section (equal to the web height), 
K is the effective length factor equal to 0.75 (AASHTO 1998), 
r is the radius of gyration about the axis perpendicular to the buckling plane of the 
effective column section. 
 
The AASHTO column formula is applicable to an effective column section that has a 
uniform Fy. However for Girder G2A, the specified minimum yield strength of the web 
and the stiffener plates are 485MPa (70ksi) and 345MPa (50ksi), respectively. Equation 2 
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was modified as shown below to accommodate the different yield strengths of the 
stiffener and web:  
 
( ) 






 −+−+⋅= λλ
252
660
.
AFAFAF
AFAF.P yssyswywsyswywnAC   if λ ≤ 2.25 (4a) 
λ
AF.
P ysnAC
⋅⋅= 880         if λ > 2.25 (4b) 
where:  
Fyw is the specified minimum yield strength of the web, 
Fys is the specified minimum yield strength of the stiffener plate, 
λ is the slenderness parameter calculated from Equation 3 using Fys, 
Aw is the area of the web of the effective column section, 
As is the area of the stiffener plates of the effective column section, 
A is the area of the effective column section. 
 
The radius of gyration, r, for the effective column section is determined as follows: 
 
A
Ir =          (5) 
where: 
I is the moment of inertia of the effective column section. 
 
For a conventional flat web I-girder, I equals Ix, the moment of inertia taken about an axis 
lying in the midsurface of the web. This axis is the strong axis for the stiffener plates, 
because when the presence of the web is considered, the effective column section is 
braced by the web against buckling about the weak axis of the stiffener plates (about an 
axis perpendicular to the web).  For a corrugated web I-girder, the axis about which 
buckling will occur may not be either of the orthogonal axes (x or y) shown in Figure 5. 
For corrugated web I-girders, I equals Imin, the minimum moment of inertia for the 
effective column section. Imin, is determined from Equation 6. The weak axis about which 
buckling of the section will occur is represented by the angle θ, determined from 
Equation 7 (measured from the y-axis in a clockwise direction).  
 
2
2
22 xy
yxyx
min I
IIII
I +


 −−+=       (6) 
2
21 



−
⋅
=
−
yx
xy
II
I
tan
θ         (7) 
for which: 
( )( )
123
2 2433 αγ sintbtI wtpx +=        (8) 
( )( )
126
1 2433 αγ costbtI wtpy +=        (9) 
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( )
24
243 αγ sintI wxy =         (10) 
where: 
α is the angle of the inclined fold with respect to the x-axis (Figure 5), 
Ix is the moment of inertia about the x-axis of the effective column section, 
Iy is the moment of inertia about the y-axis of the effective column section, 
Ixy is the product of inertia of the effective column section. 
 
The nominal axial resistance of a bearing stiffener of a corrugated web I-girder can also 
be determined as the full plastic capacity, PnYC, as follows: 
 
ywwyssnYC FAFAP +=         (11) 
  
Assumption 2, applied to the bearing stiffeners of Girder G2A, is that the total length of 
the web contribution, γtw, is greater than 168 mm but less than 450 mm, which equals the 
entire length of the inclined fold and one third of each adjacent longitudinal fold.  The 
web geometry used to calculate the geometric properties of the effective column, is 
shown in Figure 6. Note that the large bend radius, shown in Figure 4, was ignored. The 
effective column section is shown in Figure 6, where γ = γ1 + 2 γ2, and γ1 and γ2 are 
shown in Figure 6. Based on Assumption 2, the largest value of γ, γmax, is approximately 
75. The nominal axial resistance based on Assumption 2 can be calculated as discussed 
above using the column formula or the plastic capacity.   
 
The effective column section based on Assumption 2 differs from the effective column 
section based on Assumption 1. Equations 2, 3, 4, 5, 6, and 7 given above are valid for 
this effective column section. Equations 8, 9, and 10 are modified as follows: 
 
( )( ) 22
2
243
13
2
1
123
2
rw
w
tpx ht
sintbtI γαγ ++=      (12) 
( )( ) ( )( ) ( )αγγαγγγαγ costcosttcostbtI wwwwtpy 4221
24
2
2
143
2
243
13
23
2
126
1 ++++=  (13) 
( ) ( )
2224
2 322
3
21
43
1 rwrww
xy
htcoshtsintI γαγγαγ ++=     (14) 
 
where: 
 hr is the corrugation depth (Figure 6). 
 
Table 1 shows values for relevant variables for Girder G2A. Table 2 and Figure 7 show 
the effect of varying γtw on Pn. In the table and figure, the subscripts AC and YC refer to 
results from Equations 4 and 11 for corrugated web I-girders respectively. Also, note that 
for γtw less than and equal to 168mm, the results are based on Assumption 1. For γtw 
greater than or equal to 250mm, the results are based on Assumption 2.  The nominal 
axial resistance, Pn, of a bearing stiffener for a flat web I-girder with identical parameters 
is also shown in Table 2 and Figure 7. These results, labeled as PnAF, were calculated 
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using the effective column formula for a conventional flat web I-girder in accordance 
with the AASHTO LRFD specifications (AASHTO 1998).  
 
PnAC and PnAF are both calculated using the AASHTO column formula. A comparison of 
PnAC and PnAF in Table 2 shows that the calculated strength of bearing stiffeners for a 
corrugated web I-girder, PnAC, will always be less than PnAF, regardless of the assumed 
γtw.  Note that only the values of PnAF with γtw ≤ 108 satisfy the AASHTO LRFD 
specifications (AASHTO 1998) by using γ ≤ 18.  Therefore, the values with γtw > 108 are 
shown shaded in Table 2. As noted above, PnYC is calculated assuming that the bearing 
stiffener develops its full plastic strength, therefore, PnYC exceeds PnAC.  
 
Pn versus γtw are shown in Figure 7, where PnAC and PnAF are normalized by PnYC. The 
figure indicates that as the web contribution, γtw, increases, PnAC approaches PnYC. From 
these values it can be seen that if γtw is large, PnAC can be approximated by PnYC, while 
PnAF is close to PnYC  for all values of γtw. 
 
 
2.3. Test Set-up, Instrumentation and Procedure  
 
Each bearing stiffener of Girder G2A was tested in compression (Compression Test 1) in 
the 2670kN capacity SATEC universal test machine at the ATLSS Center, Lehigh 
University. Each bearing stiffener was tested again (Compression Test 2) in the 22,240kN 
Baldwin universal test machine in Fritz Engineering Laboratory, Lehigh University. The 
bearing stiffeners, Test Specimen 1 (Figure 8) and Test Specimen 2 (Figure 9) were cut 
from the west and the east end of Girder G2A, respectively. Figures 8 and 9 show that 
Test Specimen 1 includes one full longitudinal fold and one full inclined fold beyond the 
inclined fold with the bearing stiffener, while Test Specimen 2 includes only a portion of 
the longitudinal fold adjacent to the inclined fold with the bearing stiffener.  
 
In both tests, the compressive load was applied using a 254mm diameter swivel head 
placed concentric to the bearing stiffener, as shown in Figure 10. The flanges of both 
specimens were braced by 127mm by 127mm by 45mm angles welded to 19mm and 
25mm thick plates at the base and top, respectively. Instrumentation was used to measure 
the load, vertical deformation, and strains of the web and stiffener. The applied load and 
test machine displacement were measured by the test machine. The vertical deformation 
was measured using displacement transducers placed on both stiffener plates and the 
south end of the web plate of Test Specimen 1. Displacement transducers were placed on 
both stiffener plates and both ends of the web of Test Specimen 2. Uniaxial strain gages 
were oriented vertically at the mid height of the web and stiffener. The strain gages were 
placed back-to-back, one on each side of the web or stiffener plate.  
 
For each test specimen, failure was expected before the 2670kN capacity of the SATEC 
universal test machine was reached (during Compression Test 1, see Figure 11). The 
values in Table 2 for PnAC and PnYC show that the 2670kN capacity is exceeded only by 
PnYC, when γtw is 450mm.  When failure of the specimens did not occur before 2670kN, 
testing to failure was completed using the 22,240kN Baldwin universal test machine 
(during Compression Test 2, see Figure 12). Therefore, two compression tests were 
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conducted per test specimen. Each compression test involved two stages: initial loading; 
and loading up to the test machine capacity or up to failure. The initial loading stage 
involved three elastic cycles to 445kN. These elastic cycles were for alignment and 
seating of the test set-up and to check instrumentation. For the second stage, the specimen 
was loaded monotonically to failure or the capacity of the test machine. 
  
Three attempts were made to fail Test Specimen 1 in the SATEC universal test machine. 
For each attempt during Compression Test 1, the test specimen had an initial load rate of 
95kN/min up to 445kN. Thereafter, a displacement rate of 0.25mm/min was applied to 
the test specimen. The three attempts were made to fail the specimen by increasing the 
load until the capacity of the test machine was reached and, then, unloading to zero load. 
Only the results from the first attempt are shown in this report. Compression Test 2 
involved loading to failure with the same load and displacement rates using the 22,240kN 
Baldwin universal test machine. 
 
 
2.4. Test Results 
 
The load-deflection behavior of Test Specimen 1 during both compression tests is 
presented in Figures 13 and 14, which shows load vs. vertical deformation of the west 
and east stiffener plates. These overall load-deflection plots show that during 
Compression Test 1 the test specimen exhibits nearly linear elastic behavior up to 
approximately 1600kN. The ultimate load, Pu, was 2915kN, which is larger than the 
calculated results for Pn given in Table 2. The value of Pn closest to Pu is PnYC = 2682kN 
(γtw = 450mm). This maximum calculated Pn is 8.0% less than Pu.  
 
The average measured strain in the bearing stiffener plates reaches the nominal yield 
strain (1725microstrain) at 2025kN and 2168kN for the west and the east bearing 
stiffener plates, respectively.  However, both stiffener plates exhibited nonlinear behavior 
before this load was reached. The loads at which the measured surface strain reaches the 
nominal yield strain for the north and the south faces of the west stiffener plate are 
2277kN and 1752kN, respectively. Similarly, the loads at which the measured surface 
strain reaches the nominal yield strain for the north and the south faces of the east 
stiffener plate are 2189kN and 2235kN, respectively. Therefore, initial yield of the west 
stiffener plate occurred at a load of 1752kN, while initial yield of the east stiffener plate 
occurred at a load of 2189kN. 
 
The load-deflection behavior of Test Specimen 2 during both compression tests is 
presented in Figure 15. This figure was created by joining the unloading curve for 
Compression Test 1 with the loading curve of Compression Test 2. As a result, the load 
curve of Compression Test 2 is offset.  Figure 16 shows a photograph of Test Specimen 2 
after the tests.  Figures 17 and 18 show load vs. vertical deformation of the west and east 
stiffener plates.  These load-deflection plots show that the test specimen exhibits nearly 
linear elastic behavior (with some seating in the initial loading stages) up to 
approximately 1800kN. The ultimate load, Pu, was 2695kN, which is larger than the 
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calculated results for Pn given in Table 2. The value of Pn closest to Pu is PnYC = 2682kN 
(γtw = 450mm). This maximum calculated Pn is 0.4% less than Pu.  
 
The average measured strain in the bearing stiffener plates reached the nominal yield 
strain (1725microstrain) at 1829kN and 1862kN for the west and the east bearing 
stiffener plates, respectively.  However, both stiffener plates exhibited a small degree of 
nonlinear behavior before this load was reached. The loads at which the measured surface 
strain reaches the nominal yield strain for the north and the south faces of the west 
stiffener plate are 1726kN and 2271kN, respectively. Similarly, the load at which the 
measured surface strain reaches the nominal yield strain for the north and the south faces 
of the east stiffener plate are 1873kN and 1854kN, respectively.  Therefore, initial yield 
of the west stiffener plate occurred at a load of 1726kN, while, initial yield of the east 
stiffener plate occurred at a load of 1854kN. 
  
 
2.5. Summary 
 
The maximum axial load, Pu, carried by for Test Specimen 1 was 7.6% greater than that 
carried by Test Specimen 2. The major difference between the test specimens is the 
length of web that was included on the north end of the specimen. The total length of web 
included in Test Specimen 1 was twice the length included in Test Specimen 2. 
 
The maximum calculated Pn (i.e., Pn = PnYC = 2682kN) using a γtw of 450mm is 8.0% less 
than Pu for Test Specimen 1 and 0.4% less than Pu for Test Specimen 2. These results 
suggest that the ultimate strength of a bearing stiffener of a corrugated web I-girder, Pu, 
can be approximated by the full plastic capacity of the section (Equation 11). The 
effective column section can be assumed to include the stiffener plates and a length of 
web equal to 75tw (i.e., γ = 75) that is centered on the stiffener plates.  
 
A conservative calculation of the nominal axial resistance of a bearing stiffener centered 
on the inclined fold of a corrugated web I-girder can be made using the AASHTO 
column formula (Equation 2 or 4). The minimum radius of gyration should be used, as 
discussed earlier. Based on the test results, the axial resistance calculated from Equation 
4 with a web contribution of 28tw (i.e., γ = 28), which is the length of the flat portion of 
the inclined fold, is approximately equal to the limit of the linear elastic behavior of the 
test specimens. This limit of linear elastic behavior is approximately 60% of the ultimate 
strength, where the ultimate strength is calculated from the plastic capacity.  
 
The AASHTO LRFD specifications (AASHTO 1998) limit the web contribution to the 
axial resistance a bearing stiffener of a flat web I-girder to 18tw (i.e., γ = 18) centered on 
the stiffener plates. When this length of web is used in calculating the axial resistance, the 
axial resistance of a bearing stiffener for a corrugated web I-girder was significantly less 
than the axial resistance of a bearing stiffener for a flat web I-girder with the same 
stiffener plate size. The results for Test Specimen 1 and Test Specimen 2 suggest that the 
nominal axial resistance of a corrugated web I-girder bearing stiffener centered on an 
inclined fold can be calculated with a web contribution equal to 28tw (i.e., γ = 28). 
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Table 1.  Bearing stiffener variables for Girder G2A. 
bt 100 mm 
tp 20 mm 
k 0.48 
E 200,000 MPa 
Fys 345 MPa 
K 0.75 or 1.0 
L 1200 mm 
Fyw 485 MPa 
As 4000 mm2 
α 36.86° 
 
 
Table 2.  Effect of γtw on PnAC, PnYC and PnAF. 
γtw  
(mm) 
θ 
(°) λC λF 
PnAC 
(kN) 
PnYC 
(kN) 
PnAF 
(kN) 
0 0. 4.245 0.042 286 1379 1355 
36 0.1 4.024 0.045 318 1483 1455 
72 0.4 2.487 0.047 541 1587 1555 
108* 1.3 1.242 0.049 980 1692 1655 
144 3.2 0.656 0.052 1341 1796 1755 
168** 5.1 0.458 0.053 1519 1865 1821 
250 17.1 0.196 0.058 1922 2103 2047 
300 27.4 0.144 0.061 2102 2248 2184 
350 37.7 0.117 0.065 2265 2392 2321 
400 46.5 0.102 0.068 2417 2537 2457 
450*** 53.3 0.095 0.071 2564 2682 2593 
 
*       γ = 18 
**    γ = 28 
***   γ = 75 
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Figure 3.  Bearing stiffener for Girder G2A (dimensions in mm): (a) corrugated web 
I-girder, (b) section with bearing stiffener, (c) individual bearing stiffener plate. 
Figure 4.  Bearing stiffener for Girder G2A (dimensions in mm). 
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Figure 5.  Variables for Assumption 1. 
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Figure 6. Variables for Assumption 2. 
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Figure 7.  Effect of web contribution on normalized Pn. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8.  Bearing stiffener Test Specimen 1 (dimensions in mm). 
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Figure 9.  Bearing stiffener Test Specimen 2 (dimensions in mm).
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Figure 10.  Set-up for bearing stiffener tests. 
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 19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11.  Set-up for bearing stiffener tests. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 12.  Test Specimen 1 after Compression Test 2. 
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(a) Compression Test 1 
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(b) Compression Test 2 
 
Figure 13.  Vertical deformation of west stiffener plate (Test Specimen 1). 
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(a) Compression Test 1 
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(b) Compression Test 2 
 
Figure 14.  Vertical deformation of east stiffener plate (Test Specimen 1). 
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Figure 15.  Load vs. test machine displacement for Test Specimen 2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 16.  Test Specimen 2 after Compression Test 2.
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(a) Compression Test 1 
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(b) Compression Test 2 
 
Figure 17.  Vertical deformation of west stiffener plate (Test Specimen 2). 
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(a) Compression Test 1 
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Figure 18.  Vertical deformation of east stiffener plate (Test Specimen 2). 
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3. Flange and Web Splices for Corrugated Web I-Girders 
 
3.1. Introduction  
 
This section discusses an experimental investigation of bolted flange and web splices that 
are used to splice steel I-girder segments in the field.  For corrugated web I-girders, the 
bending moment is carried almost entirely by the flanges, while, the shear is carried by 
the web (Sause et al. 2003a). Therefore it is possible to conduct nearly independent tests 
of a flange splice under flexure, and a web splice under shear. Enough corrugated web I-
girder material for one test specimen was available. The two tests were conducted 
sequentially using this test specimen. In the first test, the largest possible bending 
moment was generated at the splice location (the Flexural Strength Test) to investigate 
the behavior of the flange splice. In the second test, a large shear was generated at the 
splice location (the Shear Strength Test) to investigate the behavior of the web splice. 
 
The test specimen was created from Girders G7A and G8A (Figure 2), used in the shear 
tests described by Sause et al. (2003a). Figure 19 shows approximately the initial and 
subsequent failure regions of G7A and G8A. The longest possible test specimen was 
created to generate the largest possible bending moment for the Flexural Strength Test.  
Girder G7A and Girder G8A were cut as shown in Figure 20, and the undamaged girder 
components, G7Ar and G8Ar, were spliced as shown in Figure 20(c). 
 
Since the test specimen was used for both the Flexural Strength Test (FST), and the Shear 
Strength Test (SST), the FST had to be completed without damaging the two girder 
components G7Ar and G8Ar. The critical limit states to avoid during the FST were shear 
failure of the corrugated web and flexural failure of the flanges. 
 
 
3.2. Flexural Strength Test Configuration 
 
The Flexural Strength Test (FST) investigated the behavior of bolted flange splices 
designed for corrugated web I-girders. The test configuration was designed to create the 
largest possible moment at the location of the splice without exceeding the nominal 
flexural strength (Mnf) or the nominal shear strength (Vn) of the test specimen girder 
components. The acceptable failure mode was failure of the flange splice plates.  
 
The FST was performed in Fritz Engineering Laboratory at Lehigh University under the 
22,240kN Baldwin universal test machine. The FST configuration is shown in Figure 21. 
The girder was simply supported at the locations of existing T-stiffeners with a span of 
12m. The load points were at location A and location B shown in Figure 21. An existing 
T-stiffener was present at B and a new plate stiffener was added at A. To maximize the 
bending moment, while accommodating the length and location of the flange splice 
plates, the load points were located as far as possible from the supports. Points A and B 
are located on either side of the splice location, C.  
 
Free body diagrams of the FST configuration are shown in Figure 22(a), and 
corresponding shear and bending moment diagrams are shown in Figure 22(b) and (c). 
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The FST configuration generated the largest possible moment between locations A and B 
without exceeding Mnf or Vn. It was found that Vn was more restrictive than Mnf, and, 
therefore, the loads Fa and Fb, and their locations, were selected to produce equal shear 
force, V, at each end of the specimen. From the shear and bending moment diagrams, the 
following can be observed: (1) the maximum shear, V, develops between the reactions 
and points A and B; (2) the region of maximum moment develops between A and B and 
the moment is relatively constant between A and B; and (3) the moment that develops at 
C, Msplice, is proportional to the maximum shear, V. 
 
The following equations relate V to the load, forces, and bending moments that develop 
in the test specimen (with load and forces in kN and the moments in kN-mm). 
 
  Vsplice  = 0.20 V        (15a) 
P = 2 V         (15b) 
 Fa = 1.20 V         (15c) 
Fb = 0.80 V         (15d) 
Ma = 5000 V         (15e) 
Mb = 4500 V         (15f) 
Msplice = 4750 V        (15g) 
where: 
V is the shear force that develops in the web between the supports and locations A and B, 
Vsplice is the shear force that develops at location C, 
P is the load applied from the test machine to the spreader beam, 
Fa is the force applied to the test specimen at location A, 
Fb is the force applied to the test specimen at location B, 
Ma is the moment at location A, 
Mb is the moment at location B, 
Msplice is the moment at the splice at location C. 
 
The largest value of V that was considered (initially) for the FST is Vn = 1772kN, based 
on the nominal corrugated web shear capacity (Sause et al. 2003a). Table 3 shows the 
corresponding load and bending moment when V = Vn.  
 
The bending moment diagram shows that the largest moment develops at A (Ma), and 
Msplice is only slightly smaller. To prevent flexural failure of the girder (not the splice) 
during the FST, the flexural resistance of the flanges (the flange force, Rf) should be 
greater than the required flange force at location A (from Ma). The relationship between 
the flange force (Rf) and the girder moment (M) at any section is given by Equation 16, 
assuming that the corrugated web does not contribute to resisting the bending moment. 
 
M  = dm Rf          (16) 
where: 
dm is the distance between the middle surfaces of the flange plates (1550mm). 
 
 
 
 27 
3.3. Shear Strength Test Configuration 
 
The Shear Strength Test (SST) investigated the behavior of bolted web splices designed 
for corrugated web girders. The test configuration was designed to create a large shear at 
the splice location. The acceptable failure modes were failure of the web by buckling or 
failure of the web splice.  
 
The SST was performed under the 22,240kN Baldwin universal test machine in Fritz 
Engineering Laboratory. The test configuration is shown in Figure 23. The girder was 
simply supported with a span of 7.5m. The load point and the reaction points were at 
existing T-stiffener locations. The shortest shear span, between location A and location B 
(shear span AB) contains the splice, and is subject to the largest shear (see Figure 24(a)). 
 
Figure 24(a) shows a free body diagram for the SST. Bending moment and shear 
diagrams for the SST are shown in Figures 24(b) and (c). The following relationship 
exists between the shear in span AB, Vab, and the load applied to the test specimen, P.  
 
Vab = 3/5 P         (17) 
 
The largest possible value of Vab is the shear causing shear failure of the web. As 
mentioned earlier, the nominal shear strength is Vn = 1772kN. As discussed by Sause et 
al. (2003a), the results from previous shear test results were higher; the web shear 
capacity of Girder G7A (VG7A) was 2300kN, and, that of  Girder G8A (VG8A) was 
2155kN. Table 4 shows the corresponding values of P, when Vab is assumed equal to Vn, 
VG7A and VG8A. These values of P suggest the likely failure load of the test specimen. 
 
 
3.4. Flange Splice for Flexural Strength Test 
 
The flange splice for the Flexural Strength Test (FST) was designed to fail before the 
onset of damage to test specimen components G7Ar and G8Ar. As shown in Table 3, the 
maximum moment at the splice (i.e., the flexural strength of the splice) Msplice, should not 
exceed Msplice max = 8,417,000kN-mm.  The same flange splice design was used for both 
the top (compression) flsange and bottom (tension) flange. 
 
The flange splice was designed with both inner and outer splice plates. Unlike a 
conventional flat web, the position of a corrugated web changes with respect to the 
flange, limiting the geometry of the inner splice plates. The inner splice plates could be 
designed with a varying width that matches the corrugated web geometry, however, to 
simplify fabrication, the inner splice plates were designed with a constant width. The 
maximum available width of the inner splice plates (126mm) was used as shown in 
Figure 25. A tolerance of 13mm between the inner splice plates and the flange-web fillet 
web was used to account for inconsistencies in the web geometry. The width of the outer 
splice plate was equal to the width of the flange (450mm) as shown in Figure 25. 
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The splice plates were attached to the flanges using 22mm diameter A325 bolts. The bolt 
layout is shown in Figure 26 and the flange splice plates are shown in Figure 27. The 
splice spacing was 6mm (Figure 26). As shown in Figure 26, the bolts are arranged in 
three regions, the bolts in Region B have a single shear plane, while the bolts in Regions 
A and C have two shear planes. Bolts were included in region B to avoid violating the 
maximum bolt spacing requirement of the AASHTO LRFD bridge design specifications 
for the outer plate, however, the resistance provided by these bolts was included in the 
splice design. The bolt layout satisfies the specifications for minimum and maximum 
spacing, and edge distances.  The distribution of flange force (Rf) between the inner and 
outer plates was not determined according to the AASHTO LRFD specifications 
(AASHTO 1998), which distribute the force between the inner and outer plates under the 
assumption that each bolt passes through both the inner and outer plates. The bolts in 
region B pass through only the outer plate, while, the bolts in Region A and C pass 
through both the inner and outer plates. The forces were distributed among the flange 
splice plates based on the assumption that Rf is distributed to the inner and outer plates 
via the bolts, and the proportion of Rf distributed to a region is determined by the number 
of bolts (nb) and shear planes (Ns) in that region. The proportion of Rf in a given region 
was determined using the following ratios: 
CCBBAA
AA
A NsnbNsnbNsnb
Nsnb
Ratio ⋅+⋅+⋅
⋅=      (18a) 
CCBBAA
BB
B NsnbNsnbNsnb
Nsnb
Ratio ⋅+⋅+⋅
⋅=      (18b) 
CCBBAA
CC
C NsnbNsnbNsnb
Nsnb
Ratio ⋅+⋅+⋅
⋅=      (18c) 
where: 
RatioA is the proportion of Rf in the bolts in Region A,                
RatioB is the proportion of Rf in the bolts in Region B, 
RatioC is the proportion of Rf in the bolts in Region C, 
nbA is the number of bolts on one side of the splice in Region A, 
NsA is the number of shear planes in Region A, 
nbB is the number of bolts on one side of the splice in Region B, 
NsB is the number of shear planes in Region B, 
nbC is the number of bolts on one side of the splice in Region C, 
NsC is the number of shear planes in Region C. 
 
The number of slip planes and bolts in Region A and C are equal. Therefore, the ratios 
are equal (i.e. RatioA = RatioC).  Based on these ratios, the outer flange splice plate was 
designed for a force of FOP, while each inner splice plate was designed for a force of FIP. 
 
A
fA
IP Ns
RRatio
F =         (19) 
IPfOP FRF 2−=         (20) 
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AASHTO LRFD specifications (AASHTO 1998) require a flange splice to be designed at 
the strength limit state for a flange force equal to the flange area times the average of the 
flange yield stress and the flange stress due to the factored loads, or for 75% of the flange 
yield force, which ever is larger.  A preliminary design of the flange splice plates using 
ASTM A709 HPS-485W (ASTM 2001a) material was made according to the AASHTO 
specifications. However, calculations indicated the flexural capacity of the splice greatly 
exceeded Msplice max = 8,417,000kN-mm corresponding to Vn = 1772kN. Therefore, to 
avoid failing the test specimen components G7Ar and G8Ar in shear, a weaker flange 
splice was designed using ASTM A572 Grade 50 material with a nominal yield stress of 
345MPa and a nominal ultimate stress of 450MPa (ASTM 2001b). 
 
Table 5 shows values of the flange force Rf at given limit states when the yield stress of 
the splice plates is the nominal value of 345MPa and the ultimate stress is the nominal 
value of 450MPa.  The first two rows show flange forces for flange plate limit states, and 
the second two rows show flange forces for flange splice plate limit states.  The results 
show that the capacity of the splice plates is well below that of the flanges.  Fracture on 
the net section of the bottom (tension) flange splice plates is the controlling limit state.  
Therefore, the flange splice plate design satisfies one of the conditions of the FST, 
namely, that the flexural strength of the test specimen girder components is not exceeded.  
Table 6 shows load, shear force, and bending moment corresponding to the critical value 
of Rf from Table 5.  The results show that the corresponding maximum shear V is less 
than the web nominal shear capacity Vn. Therefore, Tables 5 and 6 indicate that the flange 
splice plates should fracture before the failure of the web or flanges during the FST.  
 
Tension coupon tests were conducted on the flange splice plate material.  The test results, 
summarized in Table 7, indicate that the splice plate material is significantly stronger 
than the nominal strength. The effect of this increased strength is shown in Table 5, 
where the last two columns provide values of the flange force Rf at given limit states 
when the measured yield stress and ultimate stress of the splice plate material is 
considered. The corresponding values of load, shear force, and bending moment are 
presented in Table 8. Table 8 shows that the maximum shear, V, corresponding to the 
unfactored flange force for net section fracture of the splice plates slightly exceeds the 
web nominal shear capacity Vn.  Therefore, based on the actual splice plate material 
properties, it was determined that shear failure of the web was possible during the FST. 
However, the FST went forward without modification of the splice plates because, as 
shown in Table 4, the actual shear capacities of Girder G7A and Girder G8A from the 
previous tests significantly exceeded the web nominal shear capacity, Vn.   
 
 
3.5. Web Splice for Shear Strength Test 
 
The web splice was designed according to the AASHTO LRFD specifications (AASHTO 
1998) except: (1) the AASHTO specifications require web splices to have two or more 
rows of bolts on either side of the splice, while the web splice was designed with one row 
of bolts on each side of the splice; (2) the bolt tightening clearances of the AASHTO 
specifications were not considered. The flat region of the longitudinal web fold is 
220mm, and, therefore, the width of the web splice plate was limited to 220mm. Two 
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rows of 22mm diameter bolts would not fit on either side of the splice under the spacing 
and edge distance requirements of AASHTO LRFD specifications. Therefore, only one 
row of 22mm diameter bolts was used on either side of the splice as shown in Figure 28. 
 
The web splice was designed for the shear under two load conditions: the service limit 
state (Vuwserv) and the strength limit state (Vuwstren). The web splice was designed as a slip 
critical connection for the shear force at the service limit state (Vuwserv), which was 
estimated to be (1.15/1.5) times the shear at the splice due to the factored loads Vu for the 
Strength I load combination. Vu was assumed to be 0.8Vr; where Vr is as follows: 
 
nvr VV ϕ=         (21) 
where: 
φv is the resistance factor for shear (1.0), 
Vn is the web nominal shear capacity. 
 
The web splice bolt layout, shown in Figure 28, satisfies the requirements of a slip 
critical connection considering the maximum bolt force that develops under the service 
limit state loading (under Vuwserv), including the eccentricity of the shear.  
 
The web splice was designed at the strength limit state to resist a web shear force 
(Vuwstren) equal to the average of the shear due to factored loads (Vu = 0.8Vr) and the 
factored nominal shear resistance of the web (Vr). The web splice design shown in Figure 
28 satisfies the requirements under Vuwstren.  Table 9 shows the shear force that develops 
in the web at several limit states. The expected failure mode for the SST is failure of the 
web in shear because the shear resistance of the splice exceeds the nominal web shear 
strength (Vn = 1772kN). Shear failure of the bolts was also considered possible because 
the web shear at bolt failure (including the resistance factor) is close to the nominal web 
shear strength. Table 10 compares the web shear at bolt failure and at corrugated web 
shear failure. The table shows that the nominal bolt strength exceeds the previously 
observed corrugated web shear strength, but that the factored bolt strength falls between 
the nominal web shear strength and the observed web shear strength. It was concluded 
that bolt failure was possible but not likely. 
 
Figures 28, 29, and 30 show the final design of the splice plates for the SST. The web 
splice plates are 6mm thick and made of ASTM A572 Grade 50 material (ASTM 2001b).  
Results from tension coupon tests conducted on the web splice plate material are 
summarized in Table 7.  It can be observed from Figures 29 and 30 that the bolt 
tightening clearance requirements are not satisfied. To satisfy these requirements, the 
length of the web splice plate should have been reduced and the bolt spacing and edge 
distances adjusted accordingly. 
  
 
3.6. Flange Splice for Shear Strength Test 
 
The flange splice for the SST was designed to resist the largest Msplice that was expected 
during the SST.  The flange splice plates for the SST are the same as those used in the 
FST (Figure 27) except that the inner splice plates were 19mm thick for the SST. 
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Analysis of the flange splice designed for the SST showed that the design was adequate 
and the flange splice would not control the SST. 
 
 
3.7. Web Splice for Flexural Strength Test 
 
The largest shear expected at the splice during the FST is 356kN (Table 8). The web 
splice design for the SST was more than adequate to resist 356kN of shear force. 
Therefore, the web splice designed for the SST was used for the FST with a small 
modification as follows. The expected failure mode for the FST was fracture of the net 
section of the flange splice plates. Elongation of the bottom flange splice plates was 
expected prior to fracture.  To avoid deformation of the bolt holes in the web splice near 
the bottom flange during the FST, the three pairs of bolts closest to the bottom flange 
were removed from the web splice.  Figure 31 shows the resulting web splice for the 
FST. Table 8 shows the shear force at the FST web splice at several limit states.  The web 
splice of Figure 31 is more than adequate for the FST.  
 
 
3.8. Stress-Strain Properties of Splice Plates 
  
The splice plates were made of ASTM A572 Grade 50 steel (ASTM 2001b). Tensile 
coupons were cut from the material used to make the splice plates. Table 7 shows the 
results from the splice plate tension coupon tests. The average values given in each table 
are the properties used in this report.  The elastic modulus was assumed to be 200GPa. 
 
 
3.9. Flexural Strength Test Set-Up, Instrumentation, and Procedure  
 
The corrugated web girder splice test specimens were tested in the 22,240 kN Baldwin 
universal test machine in Fritz Engineering Laboratory. The test configuration for the 
Flexural Strength Test (FST) is shown in Figure 21.  As shown, the test specimen was 
placed in the test machine with the longitudinal axis in the east-west direction. Figure 32 
shows a photograph of the test specimen in the test machine. 
 
The applied load and the test machine displacement were obtained from the test machine. 
The vertical deflections were measured by displacement transducers at the bottom flange. 
Slip of the bottom flange splice plates was measured by displacement transducers 
centered on the ends of these splice plates. High elongation uniaxial strain gages were 
placed on the splice plates as shown for the bottom flange plates in Figure 33. Only a 
single gage was placed on the outer face of a splice plate at each location. The strain 
gages were placed at the net section of the splice plate bolt holes closest to the splice and 
at the gross section of the splice plates at the center of the splice.  
 
The procedure used for the FST was composed of two steps: (1) three elastic cycles to 
1780 kN, and (2) monotonic loading to failure. The initial loading cycles up to 1780 kN 
were used to align and seat the test specimen, check the instrumentation, and monitor 
possible lateral or longitudinal movement of the test specimen. Load was applied at a rate 
of 25 kN/min during the elastic cycles until the test was terminated and the specimen 
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unloaded.  For the monotonic loading to failure, load was initially applied at a rate of 25 
kN/min up to 1780 kN. Thereafter, a displacement rate of approximately 0.6 mm/min was 
used until the test was terminated at a load of 3852kN, before structural damage of test 
specimen components G7Ar and G8Ar occurred. At several points during the test, the 
loading was stopped temporarily so that photographs could be taken.  
 
 
3.10. Flexural Strength Test Results 
 
Figure 34 shows the applied load vs. test machine displacement for the FST. The test 
specimen experiences some seating in the initial loading stages, then exhibits linear 
elastic behavior up to approximately 3,000kN. At this point, the girder shows a small 
change in stiffness. However, the load continues to increase significantly until the test is 
stopped at a load P = 3852kN.  
 
Figure 35 shows plots of load vs. vertical deflection at locations A, B and C (see Figure 
21). The vertical deflections of locations A and B are similar during the test. The vertical 
deflection was measured at the north and south flange tips at location C. The plot of the 
north and south vertical deflections of location C indicates that slightly larger vertical 
deflections were seen at the south flange tip.  
 
Table 11 shows the load, P, at which local yielding of the splice plates at the strain gage 
locations occurred. The theoretical yield strain is 2105microstrain and 1901microstrain 
for the outer and inner plates, respectively (based on the tensile coupon tests). From the 
locations of the strain gages and the sequence in which yielding at each location 
occurred, a pattern of local yielding of the splice plates progressing from north to south 
was observed. 
 
When all the strain gages in a line across the width of an outer splice plate reach the yield 
strain, the plate was assumed to have yielded at the cross section along the line of the 
gages. Also, when all the strain gages along the same line across the width of the two 
inner splice plates on the same flange reach the yield strain, the two inner plates were 
assumed to have yielded at the cross section. Table 12 shows the load, P, at which 
yielding of the flange splice plates occurred. Table 12 shows that the first line of gages to 
yield was along the outer splice plate of the bottom flange. This set of gages was on the 
gross plate section centered under the splice and yielded at P = 3089kN.  
 
The value of P at yielding of the gross section and net section of the outer splice plate of 
the bottom flange was 3089kN and 3132kN, respectively. It was expected that yielding 
and fracture of the net section of the bottom flange splice plates would precede yielding 
of the gross section. However, the strain used to determine yielding was measured only 
on the exposed surface of each splice plate, and the assumption that the entire cross 
section of a splice plate yields when the surface strains reach yield does not appear to be 
valid, especially for the cross section of the bottom flange outer splice plate centered 
under the splice, where the effect of plate bending can be significant. The calculations to 
determine the load at fracture of the net section or yielding of the gross section are based 
on the assumption that each plate is in pure tension. Plate bending was not considered in 
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these calculations, although, significant bending strains can develop in the splice plates 
directly at the splice, but are not expected elsewhere in the splice plates where the plates 
are bolted firmly against the flange. 
  
The flange splice plates were designed assuming a distribution of the flange force, Rf, 
between the inner and outer splice plates.   From Equations 19 and 20, the ratio of Rf that 
is distributed to the outer plate is 0.544, while the ratio of Rf that is distributed to the two 
inner plates is 0.456. Table 13 shows estimates of the forces in the bottom flange outer 
and inner plates at a given load P.  In this table, the first nine rows focus on forces in the 
splice plates at yield of the net section.  The last three rows focus on forces at fracture of 
the net section.  Bold font is used in the table for values that are the basis for calculating 
the remaining numbers in the table. 
  
The first set of three rows in Table 13 focuses on estimating the yield resistance of the net 
section of the splice plates.  The yield resistance of the net section of the outer splice 
plate is 2654kN, while, that of the two inner plates is 1917kN.  The first row of the table 
shows that if it is assumed that the outer plate is at yield on the net section (FOP = 
2654kN) and that the force ratios are 0.544 for the outer plate and 0.456 for the two inner 
plates, then the force that develops in the two inner plates is 2224kN, and the applied load 
is P = 3184kN. However, this calculated force of 2224kN for the inner splice plates is 
well above the calculated net section yield resistance of the two inner plates, 1917kN, so 
this result is not correct.  The second row of the table shows that if it is assumed that the 
two inner plates are at yield on the net section (2FIP = 1917kN) and that the force ratios 
are 0.544 for the outer plate and 0.456 for the two inner plates, then the force that 
develops in the outer plate is 2287kN, and P = 2744kN.  The third row shows that when 
the inner and outer plates are all at yield on the net section, and the assumed force ratios 
are not used, the resulting force ratios are 0.581 for the outer plate and 0.419 for the two 
inner plates, and P = 2983kN.  Unfortunately, none of these results agree well with the 
test results.  Table 12 shows that, during the test, the applied load was 3132kN and 
3150kN, respectively, at yielding of the east (Event 2) and west (Event 4) net sections of 
the outer splice plate.  These values are quite close to the estimate of 3184kN (which was 
considered incorrect because it required the inner splice plates to carry a force of 
2224kN), but are much greater than the other net section yield force estimates of 2744kN 
and 2983kN.  
 
The second set of three rows in Table 13 provides estimates of the splice plate forces at 
Event 2, yielding of the east net section of the outer splice plate, when P = 3132kN and 
the corresponding flange force is Rf = 4799kN. The first of these three rows shows that 
when the force ratios of 0.544 and 0.456 are used to distribute Rf = 4799kN to the splice 
plates, the resulting forces are FOP = 2611kN and 2FIP = 2188kN.  This result for FOP is 
close to the calculated net section yield resistance of the outer plate, 2654kN, but the 
result for 2FIP is well above the calculated net section yield resistance of the two inner 
plates, 1917kN, so these results are not correct.  The second of the three row set for Event 
2 shows that if it is assumed that the outer plate is at yield on the net section (FOP = 
2654kN), and the remainder of Rf is distributed to the two inner splice plates, then the 
resulting force ratios are 0.553 and 0.447, and 2FIP = 2188kN, which, again, is well 
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above the calculated net section yield resistance of the two inner plates, 1917kN, so these 
results are not correct.  The third of these three rows considers the possibility of strain 
hardening in the outer plate.  Table 13 shows that at Event 2, when P = 3132kN, two 
strain gages on the surface of the outer plate at the east net section (at locations 6 and 8) 
have strains well into the strain hardening range of the steel, while two other strain gages 
on the outer plate at the east net section (locations 10 and 13) are just past yield.  Table 
13 also shows that the strain gages on the surface of the inner plates at the east net section 
(at locations 3 and 16) have strains below yield.  The calculations for the third row for 
Event 2 in Table 13 are based on the assumption that the stress at the net section of the 
outer plate is the average of the yield stress (420.7MPa) and a strain hardening stress 
(511MPa), which is estimated from the strains at strain gage locations 6 and 8.  The 
resulting outer plate force is FOP = 2939kN, and when the remainder of Rf is distributed to 
the two inner splice plates, the resulting force ratios are 0.612 and 0.388, and 2FIP = 
1860kN, which is below the calculated net section yield resistance of the two inner plates, 
1917kN.  Thus, the third row for Event 2 provides a plausible distribution of flange force 
between the inner and outer plates when the outer splice plates have strains above yield at 
all strain gages on the net section.  This row suggests that, at Event 2, portions of the net 
section of the outer plate are strain hardening when other portions are reaching yield, and 
that the inner plates are below yield at the net section. 
 
The third set of three rows in Table 13 provides estimates of the splice plate forces at 
Event 4, yielding of the west net section of the outer splice plate, when P = 3150kN and 
the corresponding flange force is Rf = 4827kN. The calculations are very similar to those 
discussed above for Event 2.  Similarly, the third row for Event 4 provides a plausible 
distribution of flange force between the inner and outer plates when the outer splice 
plates have strains above yield at all strain gages on the west net section.  The third row 
for Event 4 suggests that, at Event 4, portions of the net section of the outer plate are 
strain hardening when other portions are reaching yield, and that the inner plates are 
below yield at the net section.  
  
The final set of three rows in Table 13 focuses on estimating the fracture resistance of the 
net section of the splice plates.  The fracture resistance of the net section of the outer 
splice plate is 3319kN, while that of the two inner plates is 2511kN.  The first of the three 
rows for fracture on the net section shows that if it is assumed that the outer plate is at 
fracture on the net section (FOP = 3319kN) and that the force ratios are 0.544 for the outer 
plate and 0.456 for the two inner plates, then the force that develops in the two inner 
plates is 2782kN, and the applied load is P = 3982kN. However, the calculated force of 
2872kN for the inner splice plates is well above the calculated net section fracture 
resistance of 2511kN, so this result is not correct.  The second row for fracture on the net 
section shows that if it is assumed that the two inner plates are at fracture on the net 
section (2FIP = 2511 kN) and that the force ratios are 0.544 for the outer plate and 0.456 
for the two inner plates, then the force that develops in the outer plate is 3004kN, and P = 
3599kN.  This applied load is well below the maximum load applied during the test (P = 
3852kN).  The third row shows that when the inner and outer plates reach fracture on the 
net section at the same time, and the assumed force ratios are not used, the resulting force 
ratios are 0.569 for the outer plate and 0.431 for the two inner plates, and P = 3805kN.  
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This result is slightly below the maximum force applied during the test, P = 3852kN, and, 
thus, the third row for fracture on the net section provides a reasonable distribution of 
flange force between the inner and outer plates at the fracture limit state. 
 
Figure 36 shows photographs of the bottom flange flange splice plates. The four bolt 
holes nearest the center of the photos are from either the east net section or west net 
section of the splice plates. The elongation of these bolt holes from the significant strains 
at the net section is evident.  The flange splice was designed as a slip critical connection. 
Figure 37 shows the typical load vs. slip curve for a splice plate that slipped during the 
FST. This figure indicates that slip of the splice plates did not occur until just before 
yielding of the net section at roughly 3000kN. 
 
 
3.11. Flexural Strength Test Summary 
 
Significant yielding of the test specimen during the flexural strength test (FST) began 
with yielding of the net section of the bottom flange outer splice plate.  Insignificant 
premature yielding on the surfaces of the gross sections of the outer splice plates was 
observed at the splice centerline where local bending of the plates can occur.  
 
The test was terminated at an applied load P = 3852kN.  The corresponding maximum 
shear, V, of 1926kN, and the corresponding splice moment of 9,149,000kN-mm were 
well above the test limits of Vn = 1772kN and Msplice,max = 8,417,000kN-mm established 
to avoid failing the test specimen components G7Ar and G8Ar in shear.  Previous test 
results presented by Sause et al. (2003a) and given in Table 4 indicate that these test 
limits could be slightly exceeded. However, due to unexpected overstrength of the flange 
splice, failure by fracture on the net section of the bottom flange splice plates did not 
occur, and the test was terminated to avoid damaging the test specimen components. 
 
The largest flange force Rf observed during the FST was estimated to be 5902kN (with a 
corresponding P of 3852kN). Table 13 shows when Rf reaches 5830kN (with a 
corresponding P of 3805kN), fracture of both the outer and inner splice plates should 
occur.  Thus, the calculated maximum strength based on measured material properties 
was exceeded by about 1% during the test.  The design calculations of the flange splice 
resistance (see Table 8), using the assumed flange force ratios of 0.544 and 0.456 for the 
outer and two inner splice plates, respectively, and measured material properties, indicate 
a maximum flange force Rf of 5515kN, (with a corresponding P of 3599 kN).  This 
unfactored resistance was exceeded by 7% during the test. 
 
 
3.12. Shear Strength Test Set-Up, Instrumentation, and Procedure  
 
The test configuration for the Shear Strength Test (SST) is shown in Figure 23. The test 
specimen was placed in the test machine with the longitudinal axis in the east-west 
direction. A photograph of the test specimen in the test machine is shown in Figure 38. 
 
The applied load and test machine displacement were obtained from the test machine. 
Vertical deflections were measured by displacement transducers at the bottom flange of 
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the girder. Plus and minus 45° strain rosettes were used to measure the shear strain that 
developed in the web at the locations shown in Figure 39. The locations of the rosettes 
were numbered as shown in Figure 39. The rosettes were placed in pairs, one on each 
side of the web at each location. Rosettes were also placed on the outside face of the web 
splice plates. 
 
The procedure used for the SST was composed of two steps: (1) three elastic cycles to 
1780kN, and (2) monotonic loading to failure. The initial loading cycles up to 1780kN 
were used to align and seat the test specimen, check the instrumentation, and monitor 
possible lateral or longitudinal movement of the test specimen. Load was applied at a rate 
of 25kN/min during the elastic cycle until the test was terminated and the specimen 
unloaded. For the monotonic loading to failure, load was initially applied at a rate of 
25kN/min up to 1780kN. Thereafter, a displacement rate of approximately 0.6mm/min 
was maintained until failure. At several points during the test, the loading was stopped 
temporarily so that photographs could be taken.  
 
 
3.13.  Shear Strength Test Results 
 
Figure 40 shows the load vs. test machine displacement for the SST. The test specimen 
experiences some seating in the initial loading stages, then exhibits linear elastic behavior 
up to approximately 2750kN. At this point the girder shows a small change in stiffness. 
However, significant softening does not occur until P = 3352kN. After the peak load is 
attained, the load drops off, but not suddenly. 
 
Failure of the test specimen initiated at the peak load of P = 3352kN. Buckling initiated 
in the top half of the longitudinal fold containing strain rosette locations 4 and 5 (see 
Figure 39) and as loading continued the buckled waves extended to an adjacent inclined 
fold. Plots of load vs. shear strains from the rosettes at locations 1 through 5 (Figure 41) 
show the behavior of the web at these locations.  At locations where the strains from the 
north and south rosettes are similar, the web plate remains relatively flat during the test 
(see Figure 41(b) and (c) for locations 2 and 3).  Figure 41(a) shows that some plate 
bending occurred at location 1.  At locations 4 and 5 where the buckling occurred at the 
end of the test, the strains from the north and south rosettes differ significantly. 
 
Figure 41(d) shows a significant separation between the strains from the north and south 
rosettes at location 4 is apparent at a load of 2750kN. Thereafter, the strain separation 
increases and, eventually, the shear strain of the south face reverses. This significant 
separation of the strains indicates local distortion (bending) of the web plate occurs in this 
longitudinal fold early in the test.  This local distortion likely contributed to the initial 
softening seen in Figure 40 at P = 2750kN. 
 
The average shear strain at each rosette location represents the mid surface shear strain of 
the web.  The theoretical shear yield strain is approximately is 2400microstrain. Analysis 
of the average shear strain data indicates that yielding occurred at locations 1, 2, 3 and 5 
at load values of approximately 2590kN, 2780kN, 3310kN, and 2490kN, respectively.  
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The data from the rosettes at location 5 indicate that yielding as opposed to bending of 
the plate occurred first. Figure 41(e) shows that only a small strain separation is observed 
at location 5 before the peak load. A significant strain separation occurs later at P = 
3352kN. Therefore, it appears that when failure began at P = 3352kN, the plate distortion 
at location 4 extended further down the fold to location 5.  This fold including location 4 
and 5 eventually buckled at failure. Figure 42 shows a photograph of this region of the 
web after the SST was completed. 
 
The web splice plates were designed to resist the shear that would develop during the 
SST. The shear strains that developed during testing at locations 6, 7 and 8 were quite 
small and below the shear yield strain of the web splice plates.  
 
 
3.14. Shear Strength Test Summary 
 
The peak load developed during the SST was, P = 3352kN. This corresponds to a 
maximum shear Vab = 2011kN.  The corresponding maximum average experimental 
shear stress, τe, was computed as defined by Sause et al (2003a). Since the failure 
occurred in the segment of Girder G8A (G8Ar) used in the SST, the corresponding web 
thickness (6.27mm) and web height (1500mm) given by Sause et al (2003a) were used to 
calculate τe = 214MPa.  The resulting ratio of τe to the shear yield stress, τy, which was 
calculated from the measured yield stress of the web plate material (465MPa) given by 
Sause et al (2003a), is τe / τy = 0.796. 
 
These results from the SST can be compared to the previous test results for Girders G7A 
and G8A (Sause et al 2003a).  As mentioned before, the web shear capacity of G7A 
(VG7A) was 2300kN, and that of G8A (VG8A) was 2155kN. The corresponding τe / τy ratios 
are 0.907 and 0.853 for G7A and G8A, respectively. Thus, the shear strength of G7A and 
G8A is 14% and 7% greater than that of the SST test specimen, respectively. In all cases, 
the shear strength, given in terms of a τ / τy ratio, is significantly greater than the nominal 
value of 0.707 for Girders G7A, G8A, and the portions of these girders used in the SST. 
The differences in the results are attributed to the magnitude and distribution of web out-
of-flatness geometric imperfections associated with corrugated webs (Sause et al 2003a). 
  
The SST showed that the web splice was easily designed to develop the shear capacity of 
the corrugated web.  The splice plates were of modest thickness (6mm) and only a single 
row of bolts was used on each side of the splice.  However, the SST results show this 
splice performed well.  
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Table 3.  Forces and moments when V = Vn for FST. 
Vn 
(kN) 
Vsplice max 
(kN) 
Pmax 
(kN) 
Fa max 
(kN) 
Fb max 
(kN) 
Ma max 
(kN-mm) 
Mb max 
(kN-mm) 
Msplice max 
(kN-mm) 
1772 354 3544 1418 2126 8,860,000 7,974,000 8,417,000 
 
 
Table 4.  Values of Vab and corresponding applied load for SST. 
V Vab (kN) P (kN) 
Vn 1772 2953 
VG8A 2155 3592 
VG7A 2300 3833 
 
 
Table 5.  Expected flange forces for FST. 
Limit State Φ Factored Rf* (kN) 
Nominal Rf* 
(kN) 
Factored Rf** 
(kN) 
Nominal Rf** 
(kN) 
Fracture on 
net section of 
flange 
0.8 8390 10,490 N/A N/A 
Yielding on 
gross section 
of flange 
0.95 10,310 10,850 N/A N/A 
Fracture on 
net section of 
plates  
0.8 3978 4972 4413 5515 
Yielding on 
gross section 
of plates 
0.95 5151 5422 6286 6617 
*    Based on nominal flange splice plate material strength 
**  Based on measured flange splice plate material strength 
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Table 6.  Forces and moments at critical limit states for FST flange splice design. 
Limit State Rf (kN) 
P 
(kN) 
V 
(kN) 
Msplice 
(kN-mm) 
V = Vn 5430 3544 1772 8,417,000 
Factored fracture on net 
section of splice plates 3978 2596 1298 6,166,000 
Nominal fracture on net 
section of splice plates  4972 3244 1622 7,707,000 
 
 
Table 7.  Tensile coupon test results for splice plate steel. 
Coupon ID Yield Stress (MPa) 
Ultimate Stress 
(MPa) 
Yield Stress to 
Ultimate Stress Ratio 
Outer flange splice plate 
coupon 1 (19 mm) 421.5 523.8 0.80 
Outer flange splice plate 
coupon 2 (19 mm) 424.1 534.8 0.79 
Outer flange splice plate 
coupon 3 (19 mm) 416.4 519.6 0.80 
Outer flange splice plate 
coupon average 420.7 526.1 0.80 
Inner flange splice plate 
coupon 1 (32 mm) 392.0 510.7 0.77 
Inner flange splice plate 
coupon 2 (32 mm) 368.2 485.0 0.76 
Inner flange splice plate 
coupon average 380.1 497.9 0.77 
Web splice plate coupon 
1 (6 mm) 394.8 490.0 0.81 
Web splice plate coupon 
2 (6 mm) 444.8 481.0 0.93 
Web splice plate coupon 
3 (6 mm) 390.4 478.9 0.85 
Web splice plate coupon 
average 410.0 483.3 0.85 
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Table 8.  Forces and moments at critical limit states for FST flange splice design 
based on measured material properties. 
Limit State Rf (kN) 
P 
(kN) 
V 
(kN) 
Vsplice 
(kN) 
Msplice  
(kN-mm) 
V = Vn 5430 3544 1772 354 8,417,000 
Factored fracture on net 
section of splice plates  4413 2880 1440 283 6,840,000 
Nominal fracture on net 
section of splice plates  5515 3599 1780 356 8,548,000 
 
 
Table 9.  Shear forces at critical limit states for SST web splice. 
Limit State Φ 
Factored 
Shear* 
(kN) 
Nominal 
Shear* 
(kN) 
Factored 
Shear** 
(kN) 
Nominal 
Shear** 
(kN) 
Bolts fail in 
shear 0.65 2002 2463 N/A N/A 
Splice plates 
fail in shear 1.0 7054 7054 8507 8507 
*    Based on nominal web splice plate material strength 
**  Based on measured web splice plate material strength 
 
 
Table 10.  Forces and moments at critical limit states for SST web splice. 
Limit State V (kN) 
P 
(kN) 
Msplice 
(kN-mm) 
V = Vn 1772 2953 3,101,000 
Bolts fail in shear (factored) 2002 3337 3,504,000 
V = VG8A 2153 3588 3,768,000 
V = VG7A 2294 3823 4,015,000 
Bolts fail in shear (nominal) 2463 4105 4,310,000 
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Table 11.  Load at local yielding of splice plates. 
Location P (kN) Splice Plate Flange 
2 2211 North Inner Top 
2 2340 North Inner Bottom 
5 2395 Outer Bottom 
4 2740 Outer Bottom 
7 2765 Outer Bottom 
16 2778 South Inner Top 
6 2796 Outer Bottom 
8 2808 Outer Bottom 
9 2991 Outer Bottom 
14 3045 South Inner Bottom 
13 3054 Outer Bottom 
12 3089 Outer Top 
12 3115 Outer Bottom 
10 3132 Outer Bottom 
5 3142 Outer Top 
11 3150 Outer Bottom 
11 3189 Outer Top 
1 3201 North Inner Bottom 
4 3288 Outer Top 
9 3389 Outer Top 
10 3417 Outer Top 
8 3401 Outer Top 
3 3492 North Inner Bottom 
6 3496 Outer Top 
7 3529 Outer Top 
15 3557 South Inner Bottom 
16 3568 South Inner Bottom 
13 3589 Outer Top 
15 3608 South Inner Top 
14 3631 South Inner Top 
1 Did Not Yield North Inner Top 
3 Did Not Yield North Inner Top 
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Table 12.  Load at yielding of cross sections of splice plates. 
Event Load  (kN) Flange Splice Plate Location Section 
 
1 3089 Bottom Outer Plate Splice Centerline Gross 
2 3132 Bottom Outer Plate First East Bolt Row Net 
3 3142 Top Outer Plate Splice Centerline Gross 
4 3150 Bottom Outer Plate First West Bolt Row Net 
5 3201 Bottom Inner Plates First West Bolt Row Net 
6 3529 Top Outer Plate First West Bolt Row Net 
7 3557 Bottom Inner Plates Splice Centerline Gross 
8 3568 Bottom Inner Plates First East Bolt Row Net 
9 3589 Top Outer Plate First East Bolt Row Net 
10 3608 Top Inner Plates Splice Centerline Gross 
Note that “yielding” is determined from strain gages on one surface of the plate, and 
bending of the splice plate is neglected. 
 
  
 
 
Table 13.  Relationship between P, Msplice, Rnf, FOP and FIP.
Bottom Flange Splice Plate Limit State P (kN) 
Msplice 
(kN-mm) 
Rf 
(kN) 
FOP 
R f 
2FIP 
R f 
FOP 
(kN) 
2FIP  
(kN) 
Outer plate at yield on the net section 3184 7,651,000 4878 0.544 0.456 2654 2224 
Inner plate at yield on the net section 2744 6,516,000 4204 0.544 0.456 2287 1917 
Inner and outer plate at yield at the same 
time on the net section 2983 7,085,000 4571 0.581 0.419 2654 1917 
 
Event 2 - based on distribution of Rf 
 
3132 
 
7,439,000 
 
4799 0.544 0.456 
 
2611 
 
2188 
Event 2 - outer plate at yield on net 
section 3132 7,439,000 4799 0.553 0.447 2654 2145 
Event 2 - outer plate 50% at Fy and 50% at 
strain hardening (511 MPa) on net section 3132 7,439,000 4799 0.612 0.388 2939 1860 
 
Event 4 - based on distribution of Rf 3150 7,481,000 4827 0.544 0.456 2626 2201 
Event 4 - outer plate at yield on net 
section 3150 7,481,000 4827 0.550 0.450 2654 2173 
Event 4 - outer plate 50% at Fy and 50% at 
strain hardening (514 MPa) on net section 3150 7,481,000 4827 0.611 0.389 2948 1879 
 
Outer plate at fracture on net section 
 
3982 
 
9,457,000 
 
6101 0.544 0.456 
 
3319 
 
2782 
Inner plate at fracture on net section 3599 8,548,000 5515 0.544 0.456 3004 2511 
Inner and outer plate at fracture at the 
same time on net section 3805 9,037,000 5830 0.569 0.431 3319 2511 
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Table 14. Strains at strain gage locations. 
P 
(kN) Location 
Strain 
(microstrain) State 
3132 3 1320 Below Yield 
3132 6 9389 Strain Hardening 
3132 8 8093 Strain Hardening 
3132 10 2105 At Yield 
3132 13 2863 At Yield 
3132 16 1287 Below Yield 
 
3150 
 
1 
 
1749 
 
Below Yield 
3150 4 8728 Strain Hardening 
3150 7 9900 Strain Hardening 
3150 9 5099 Strain Hardening 
3150 11 2105 At Yield 
3150 14 2004 Below Yield 
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Figure 19. Failed regions of G7A and G8A (dimensions in mm): (a) G7A, (b) G8A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20.  Reuse of G8A and G7A (dimensions in mm): (a) location of cut for G8A, 
(b) location of cut for G7A, (c) G7Ar and G8Ar. 
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Figure 21.  Test configuration for FST (dimensions in mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 22.  FST configuration (dimensions in mm):  (a) free body diagram, (b) shear 
diagram, (c) moment diagram.  
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Figure 23. Test configuration for SST (dimensions in mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. SST configuration (dimensions in mm): (a) free body diagram, (b) 
moment diagram, (c) shear diagram.  
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Figure 25.  Inner and outer flange splice plates (dimensions in mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(a) outer slice plate 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) inner splice plates 
 
Figure 26.  Bolt layout for flange splice plates (dimensions in mm).  
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(a) outer splice plate 
 
 
 
 
 
 
(b) inner splice plate 
 
Figure 27.  Flange splice plates for FST (dimensions in mm). 
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Figure 28.  Web splice plates for SST (dimensions in mm). 
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Figure 29. Cross section of flange and web splice for SST (dimensions in mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 30.  Elevation of flange and web splice for SST (dimensions in mm).
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Figure 31.  Elevation of web splice for FST (dimensions in mm). 
 
 
Figure 32.  Test set-up for FST. 
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Figure 33. Strain gages on FST bottom flange splice plates (dimensions in mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 34.  Load vs. test machine displacement for FST. 
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(a) load vs. vertical deflection of locations A and B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) load vs. vertical deflection of splice (location C) 
 
 
Figure 35.  Load vs. vertical deflection for FST. 
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(a) outer splice plate 
 
 
 
(b) inner splice plate 
 
Figure 36.  Bottom flange splice plates after FST.
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Figure 37. Typical load vs. slip curve. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 38.  Test set up for SST. 
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Figure 39.  Strain gage rosettes on web for SST (dimensions in mm). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 40.  Load vs. test machine displacement for SST. 
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(a) location 1 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(b) location 2 
 
Figure 41.  Load vs. web surface shear strain. 
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(c) location 3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
(d) location 4 
 
Figure 41.  Load vs. web surface shear strain (continued). 
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(e) location 5 
 
Figure 41.  Load vs. web surface shear strain (continued). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 42.  Photograph of web at end of SST. 
0
500
1000
1500
2000
2500
3000
3500
4000
-50000 -40000 -30000 -20000 -10000 0
Shear Strain (microstrain)
Lo
ad
 (k
N
)
south face north face
  61 
4. Summary and Conclusions 
 
This report presents Work Area 4 of the Pennsylvania High Performance Steel (HPS) 
Bridge Demonstration Project.  The report summarizes an investigation of the behavior of 
bearing stiffeners for corrugated web I-girders, and summarizes an investigation of the 
behavior of bolted flange and web splices for corrugated web I-girders.  
 
 
4.1. Bearing Stiffeners for Corrugated Web I-Girders 
 
Bearing stiffener specimens (Test Specimen 1 and Test Specimen 2) were cut from 
Girder G2A, a previously tested corrugated web I-girder fatigue test specimen (Sause et 
al. 2003b).  The major difference between Test Specimen 1 and Test Specimen 2 is the 
length of web that was included.  Test Specimen 1 included of 900 mm of web, twice the 
length included in Test Specimen 2. 
 
The bearing stiffeners of Girder G2A were designed in accordance with the AASHTO 
LRFD bridge design specifications (AASHTO 1998) where applicable. In particular, the 
AASHTO LRFD specifications require bearing stiffeners to be designed for bearing 
resistance and axial resistance.  The bearing resistance calculation for a corrugated web I-
girder is essentially identical to that of a conventional flat web I-girder.  The calculation 
of the axial resistance of a corrugated web I-girder bearing stiffener is, however, quite 
different, owing to the geometry of the corrugated web.  Sause et al. (2003a, 2003b) 
recommend that bearing stiffeners be located at the center of an inclined fold.  At this 
location, the parameters that influence the axial resistance are quite different than those of 
a conventional flat web I-girder. Therefore, the bearing stiffener investigation focused on 
the axial resistance. 
 
To calculate the axial resistance of Test Specimen 1 and Test Specimen 2, two methods 
of calculation were used: the AASHTO column formula, and a plastic capacity formula.  
According to the AASHTO LRFD specifications, the axial resistance of a bearing 
stiffener for a conventional flat web I-girder is determined from the AASHTO column 
formula and the length of web included in axial resistance calculation is 18 times the 
thickness of the web.  When this length of web is included in the axial resistance 
calculations, the axial resistance of a bearing stiffener for a corrugated web I-girder is 
significantly less than the axial resistance of a bearing stiffener for a conventional flat 
web I-girder with the same stiffener plate size.   For Test Specimen 1 and Test Specimen 
2, the length of web assumed to contribute to the axial resistance of the bearing stiffeners 
was treated as a variable and a wide range of values were considered. 
 
Test Specimen 1 and Test Specimen 2 were tested in axial compression. The ultimate 
load for Test Specimen 1 was 2915 kN, while that of Test Specimen 2 was 2695 kN. The 
ultimate strength of Test Specimen 1 was 7.6% greater than that obtained for Test 
Specimen 2. However, the increase in strength was not proportional to the increased 
length of the web. The axial resistance calculated from the plastic capacity formula by 
assuming that the full length of web of Test Specimen 2 (450 mm) contributed to the 
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strength of the bearing stiffener was 2682 kN. This value was 0.4% less than the ultimate 
strength of Test Specimen 2. Therefore, it appears that the ultimate axial capacity of a 
bearing stiffener with the stiffener plates centered on the inclined fold of a corrugated 
web I-girder can be determined from the plastic capacity of a section which includes the 
stiffener plates and a web length of 75 times the web thickness. 
 
To be more conservative, it is suggested that the nominal axial capacity of a bearing 
stiffener for a corrugated web I-girder should be determined as the limit of the linear 
elastic behavior of the bearing stiffener when loaded in compression. This limit is 
approximately 60% of the ultimate strength of the bearing stiffener.  This nominal axial 
capacity of a bearing stiffener can be calculated from the AASHTO column formula 
using a length of web equivalent to either 28 times the web thickness, or the length of the 
flat portion of the inclined fold, whichever is smaller. 
  
 
4.2. Flange and Web Splices for Corrugated Web I-Girders 
 
Separate tests of a flange splice and a web splice were conducted. The two tests were 
conducted sequentially using a single test specimen that was created from Girders G7A 
and G8A used in the shear tests described by Sause et al. (2003a). In the first test, the 
largest possible bending moment was generated in the flanges at the splice location (the 
Flexural Strength Test) to test the flange splice. In the second test, a large shear force was 
generated in the web at the splice location (the Shear Strength Test) to test the web splice. 
The Flexural Strength Test had to be completed without damaging the test specimen 
components, G7Ar and G8Ar, which were also used in the Shear Strength Test. 
 
The flange splice was initially designed according to the AASHTO LRFD specifications 
(AASHTO 1998) using ASTM A709 HPS-485W steel (ASTM 2001a). However, the 
estimated flexural capacity of the splice was so large that the forces generated during the 
Flexural Strength Test would damage test specimen components G7Ar and G8Ar, which 
were needed for the Shear Strength Test.  Therefore, a weaker flange splice was designed 
using ASTM A572 Grade 50 steel (ASTM 2001b). 
 
Although the goal of the Flexural Strength Test was to fail the flange splice, the test was 
terminated before the flange splice reached failure to avoid damaging test specimen 
components G7Ar and G8Ar.  When the test was terminated, maximum shear, V, of 
1926kN, was well above the test limit established to avoid damaging the test specimen 
components G7Ar and G8Ar in shear.  Previous test results presented by Sause et al. 
(2003a) indicated that this test limit could be slightly exceeded. However, due to 
unexpected overstrength of the splice, failure of the flange splice by fracture on the net 
section of the splice plates did not occur, and the test was terminated. 
 
The largest flange force Rf observed during the Flexural Strength Test was estimated to 
be 5902kN. Calculations show that when Rf reaches 5830kN both the outer and inner 
splice plates should reach fracture on the net section.  Thus, the calculated maximum 
strength based on measured material properties was exceeded by about 1% during the 
test.  Design calculations of the flange splice resistance, using measured material 
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properties, indicate a maximum flange force Rf of 5515kN.  This unfactored design 
resistance was exceeded by 7% during the test. 
 
The web splice was designed according to the AASHTO LRFD specifications (AASHTO 
1998) except as follows: (1) the web splice was designed with one row of bolts on each 
side of the splice; and (2) the bolt tightening clearances of the AASHTO specifications 
were not satisfied. The web splice used 22mm diameter A325 bolts. The splice plates 
were 6 mm thick and made of ASTM A572 Grade 50 steel. 
 
The Shear Strength Test was terminated after the corrugated web failed by web buckling, 
and, thus, the web splice was shown to be adequate.  The maximum web shear that 
developed during the Shear Strength Test was 2011 kN. The corresponding ratio of 
maximum experimental shear stress, τe, to the shear yield stress, τy, is τe / τy = 0.796. 
These results can be compared to the previous test results for Girders G7A and G8A, 
where the capacity of G7A was 2300kN, and that of G8A was 2155kN. The 
corresponding τe / τy ratios are 0.907 and 0.853 for G7A and G8A, respectively. Thus, the 
shear strength of Girders G7A and G8A was 14% and 7% greater than that of the SST 
test specimen, respectively. In all cases, the shear strength, given in terms of a τ / τy ratio, 
is significantly greater than the nominal value of 0.707 for Girders G7A, G8A, and the 
portions of these girders used in the SST. The differences in the results are attributed to 
the magnitude and distribution of web out-of-flatness geometric imperfections associated 
with corrugated webs. 
  
The Shear Strength Test showed that the web splice was easily designed to develop the 
shear capacity of the corrugated web.  Although the splice plates were of modest 
thickness (6mm) and made of conventional steel, and only a single row of bolts was used 
on each side of the splice, the test results show this splice performed well. 
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